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@)  A  nickel  electrode,  a  method  of  producing  the  nickel  electrode  and  an  electrochemical  cell  employing  the  nickel  electrode. 

A  nickel  electrode  comprises  a  current  collector  and  ac- 
tive  material  pressed  into  physical  and  electrical  contact  with 
the  current  collector.  The  active  material  comprises  nickel  hy- 
droxide,  an  organic  binder,  a  conductive  diluent  and  a  cobalt 
compound  from  a  cobalt-containing  solution  in  contact  with 
the  already-formed  nickel  hydroxide. 



T h i s   i n v e n t i o n   r e l a t e s   to  a  n i c k e l   e l e c t r o d e  

p a r t i c u l a r l y ,   b u t   n o t   e x c l u s i v e l y ,   f o r   use   in   s e c o n d a r y  

e l e c t r o c h e m i c a l   c e l l s   ( i n c l u d i n g   n i c k e l / c a d m i u m , n i c k e l /  

h y d r o g e n ,   n i c k e l / i r o n   and  n i c k e l / z i n c   c e l l s ) ,   and   to  a  

m e t h o d   of  p r o d u c i n g   t h e   n i c k e l   e l e c t r o d e .  

E x i s t i n g   n i c k e l   e l e c t r o d e s   can   in   g e n e r a l   be  d i v i d e d  

i n t o   t h r e e   t y p e s :  

p o c k e t   e l e c t r o d e s ,  

s i n t e r e d   e l e c t r o d e s ,   a n d  

p r e s s e d   e l e c t r o d e s .  

In  a  p o c k e t   e l e c t r o d e ,   the   a c t i v e   m a t e r i a l   of  t h e  

e l e c t r o d e   i s   c o n t a i n e d   in   a  t h i c k ,   p e r f o r a t e d   p o c k e t  

f o r m e d   of  n i c k e l - p l a t e d   s t e e l .   The  r e s u l t i n g   e l e c t r o d e  

i s   h i g h l y   s t a b l e   and  e x h i b i t s   a  v e r y   l o n g   c y c l e   l i f e ,  

t y p i c a l l y   of  t he   o r d e r   of  t h o u s a n d s   of  c y c l e s .   H o w e v e r ,  

t h i s   t y p e   of  e l e c t r o d e   s u f f e r s   f rom  t h e   p r o b l e m   of  b e i n g  

r e l a t i v e l y   h e a v y   and  h e n c e   i t s   g r a v i m e t r i c   e n e r g y   d e n s i t y  

t e n d s   to  be  p o o r ,   t y p i c a l l y   v a r y i n g   b e t w e e n   0 . 0 6   a n d  

0 . 0 9 A h / g m   of  a c t i v e   m a t e r i a l .   In  an  a t t e m p t   to  o v e r c o m e  

t h e   p r o b l e m s   e x p e r i e n c e d   w i t h   p o c k e t   e l e c t r o d e s ,   s i n t e r e d  

n i c k e l   e l e c t r o d e s   were   d e v e l o p e d   in   w h i c h   n i c k e l   p o w d e r   i s  

s i n t e r e d   at   a  t e m p e r a t u r e   in   t h e   o r d e r   of  9 0 0 - 1 0 0 0  C  

and  t h e n   i s   i m p r e g n a t e d ,   e i t h e r   by  a  c h e m i c a l   or  a n  

e l e c t r o c h e m i c a l   p r o c e s s ,   w i t h   t h e   r e q u i r e d   a c t i v e   m a t e r i a l .  

In  v i e w   of  t he   a d v a n t a g e o u s   c u r r e n t   c a r r y i n g   c a p a c i t i e s  

of  t he   s i n t e r e d   s u b s t r a t e ,   s i n t e r e d   n i c k e l   e l e c t r o d e s  

e x h i b i t   e x c e l l e n t   p o w e r   p e r f o r m a n c e   and  i m p r o v e d   g r a v i m e n t r i c  

and  v o l u m e t r i c   e n e r g y   d e n s i t y   as  c o m p a r e d   w i t h   p o c k e t  

n i c k e l   e l e c t r o d e s .   T y p i c a l l y ,   t he   g r a v i m e t r i c   e n e r g y  

d e n s i t y   of  a  s i n t e r e d   e l e c t r o d e   i s   of  t he   o r d e r   of  0 . 1 1 - 0 . 1 2  

Ah/gm  of  a c t i v e   m a t e r i a l ,   w h e r e a s   the   v o l u m e t r i c   e n e r g y  

d e n s i t y   i s   of   t he   o r d e r   of  0 . 3 5 - 0 . 4   A h / c . c .   of   a c t i v e  

m a t e r i a l .   S i n t e r e d   e l e c t r o d e s   a l s o   e x h i b i t   s i m i l a r  

c y c l e   l i v e s   to  p o c k e t   e l e c t r o d e s ,   b u t   s u f f e r   f rom  t h e  

d i s a d v a n t a g e   t h a t   t he   p r o d u c t i o n   and  m a t e r i a l   c o s t s   a r e  

h i g h .   P r e s s e d   e l e c t r o d e s   a re   p r o d u r - - i   by  p r e s s i n g   t h e  



a c t i v e   m a t e r i a l   i n t o   c o n t a c t   w i t h   a  c u r r e n t   c o l l e c t o r  

and  h a v e   t h e   a d v a n t a g e   t h a t   t h e y   a r e   b o t h   l i g h t e r   i n  

w e i g h t   t h a n   p o c k e t   e l e c t r o d e s   and   c h e a p e r   to  p r o d u c e  
t h a n   s i n t e r e d   e l e c t r o d e s .   H o w e v e r ,   up  to  now,  p r e s s e d  

e l e c t r o d e s   h a v e   had   a  r e l a t i v e l y   s h o r t   c y c l e   l i f e ,  

t y p i c a l l y   of   t h e   o r d e r   of  s e v e r a l   h u n d r e d   c y c l e s ,   so  t h a t  

t h e y   h a v e   n o t   as  y e t   p r o v e d   v i a b l e   f o r   l a r g e   s c a l e  

p r o d u c t i o n .  

In  e a c h   of   t he   a b o v e   t y p e s   of  n i c k e l   e l e c t r o d e ,  

t h e   a c t i v e   m a t e r i a l   n o r m a l l y   c o m p r i s e s   n i c k e l   h y d r o x i d e  

as  t h e   m a i n   c o n s t i t u e n t ,   w h i c h   u n d e r g o e s   t h e   f o l l o w i n g  

r e v e r s i b l e   r e a c t i o n   d u r i n g   d i s c h a r g e   and  s u b s e q u e n t  

c h a r g i n g : -  

The  a c t i v e   m a t e r i a l   may  a l s o   c o m p r i s e   a  b i n d e r ,   s u c h   a s  

p o l y t e t r a f l u o r o e t h y l e n e ,   and  a  c o n d u c t i v e   d i l u e n t   s u c h  

as  g r a p h i t e   o r   n i c k e l   p o w d e r .   M o r e o v e r ,   i n   o r d e r   t o  

i m p r o v e   t h e   p e r f o r m a n c e   of  t h e   e l e c t r o d e ,   i t   i s   n o r m a l   t o  

i n c o r p o r a t e   a  c o b a l t   c o m p o u n d   i n   t h e   a c t i v e   m a t e r i a l .  

T y p i c a l l y   t h e   c o b a l t   c o m p o u n d   i s   in   t h e   f o r m   of  c o b a l t  

h y d r o x i d e   and  i s   p r e s e n t   i n   an  a m o u n t   s u c h   t h a t   t h e   a c t i v e  

m a t e r i a l   c o n t a i n s   b e t w e e n   5  and  8%  of  c o b a l t   h y d r o x i d e  

by  w e i g h t   of   t h e   t o t a l   w e i g h t   of   n i c k e l   h y d r o x i d e   a n d  

c o b a l t   h y d r o x i d e .   U s i n g   t h i s   l e v e l   of   c o b a l t   a d d i t i o n ,  

i t   i s   r e a d i l y   p o s s i b l e   to  o b t a i n   s i n t e r e d   e l e c t r o d e s  

h a v i n g   a  p e r c e n t a g e   u t i l i z a t i o n   of  t h e   n i c k e l   h y d r o x i d e  

as  h i g h   as   1 2 0 - 1 3 0 % ,   a l t h o u g h   w i t h   p r e s s e d   e l e c t r o d e s ,   t h e  

p e r c e n t a g e   u t i l i z a t i o n   i s   n o r m a l l y   o n l y   7 0 - 1 0 0 % .   H o w e v e r ,  

t h e   u se   of   s u c h   h i g h   c o b a l t   a d d i t i o n s   i n   p r e s s e d   e l e c t r o d e s  

s u f f e r s   f r o m   t h e   p r o b l e m   t h a t   i t t e n d s   to  c a u s e   s w e l l i n g  

of   t h e   e l e c t r o d e   so  t h a t ,   u n l e s s   f u r t h e r   a d d i t i v e s   ( f o r  

e x a m p l e ,   c a d m i u m   h y d r o x i d e )   a r e   i n t r o d u c e d   i n t o   t h e  

a c t i v e   m a t e r i a l ,   t h e   s e r v i c e   l i f e   of   t h e   e l e c t r o d e   i s  

r e d u c e d .   In   a d d i t i o n ,   w i t h   p r e s s e d   and   s i n t e r e d   n i c k e l  



e l e c t r o d e s   c o n t a i n i n g   s u b s t a n t i a l   q u a n t i t i e s   of  c o b a l t  

h y d r o x i d e ,   i t   i s   f o u n d   t h a t   t h e   e l e c t r o d e s   o n l y   s l o w l y  

d e v e l o p   t h e i r   c a p a c i t y   d u r i n g   c h a r g i n g   and  d i s c h a r g i n g  

c y c l e s   so  t h a t   t y p i c a l l y   t h e   f u l l   c a p a c i t y   i s   n o t   r e a c h e d  

u n t i l   a f t e r   2 0 - 3 0   c y c l e s .  

In   o r d e r   to  i n c o r p o r a t e   a  c o b a l t   c o m p o u n d   in   t h e   a c t i v e  

m a t e r i a l   of   a  n i c k e l   e l e c t r o d e ,   a  n u m b e r   of  m e t h o d s   h a v e   t o  

d a t e   b e e n   p r o p o s e d .   The  m o s t   c o m m o n l y   u s e d   i s   c o - p r e c i p i t -  

a t i o n   i n   w h i c h   s o d i u m   or  p o t a s s i u m   h y d r o x i d e   i s   a d d e d   to  a  

common  s o l u t i o n   c o n t a i n i n g   c o b a l t   and  n i c k e l   i o n s   so  as  t o  

c o - p r e c i p i t a t e   c o b a l t   h y d r o x i d e   and  n i c k e l   h y d r o x i d e .   T h e  

m i x e d   h y d r o x i d e   p r e c i p i t a t e   i s   t h e n   u s e d   as  t h e   a c t i v e   m a t -  

e r i a l   of  t he   e l e c t r o d e .   An  a l t e r n a t i v e   m e t h o d   i s   to  p r o d u c e  

t h e   c o b a l t   and  n i c k e l   h y d r o x i d e   s e p a r a t e l y   and  t h e n   to  p h y -  

s i c a l l y   b l e n d   them  d u r i n g   p r o d u c t i o n   of  t h e   a c t i v e   m a t e r i a l .  

In  a d d i t i o n ,   i t   i s   known  in   t h e   c a s e   of  s i n t e r e d   and  p o c k e t  

e l e c t r o d e s   to  i n t r o d u c e   the   c o b a l t   c o m p o u n d   i n t o   t he   a c t i v e  

m a t e r i a l   by  c o n t a c t i n g   a l r e a d y   f o r m e d   n i c k e l   h y d r o x i d e   w i t h  

a  s o l u t i o n   of  a  c o b a l t   s a l t   and  t h e n   p r e c i p i t a t i n g   t h e   c o -  

b a l t   c o m p o u n d   f rom  t h i s   s o l u t i o n   by  t h e   a d d i t i o n   of  a n  

a l k a l i   m e t a l   h y d r o x i d e   or  c a r b o n a t e   to  t h e   s o l u t i o n .   H o w e v e r ,  

no  r e l a t i v e   a d v a n t a g e s   o v e r   t he   c o - p r e c i p i t a t i o n   r o u t e   h a v e  

b e e n   g a i n e d   and  to  d a t e   t h i s   m e t h o d   has   n o t   b e e n   e m p l o y e d  

in   t h e   p r o d u c t i o n   o f  p r e s s e d   e l e c t r o d e s .  

F o l l o w i n g   r e s e a r c h   w h i c h   has   now  b e e n   c o n d u c t e d   i n t o  

a l l e v i a t i n g   t he   p r o b l e m s   e x p e r i e n c e d   w i t h   c o n v e n t i o n a l   n i c k e l  

e l e c t r o d e s ,   i t   ha s   b e e n   f o u n d   t h a t   a  p r e s s e d   n i c k e l   e l e c t r o d e  

h a v i n g   i m p r o v e d   p e r f o r m a n c e   can   be  o b t a i n e d   by  e n s u r i n g   t h a t  

t he   a c t i v e   m a t e r i a l   c o n t a i n s   a  c o b a l t   c o m p o u n d   p r o d u c e d   b y  

p r e c i p i t a t i o n   f rom  a  c o b a l t   c o n t a i n i n g   s o l u t i o n   in   c o n t a c t  

w i t h   a l r e a d y   f o r m e d   n i c k e l   h y d r o x i d e .   A d v a n t a g e o u s   r e s u l t s  

a r e   o b t a i n e d   w i t h   c o b a l t   a d d i t i o n s   e q u a l   to  or  l e s s   t h a n   3% 

of  t h e   t o t a l   w e i g h t   of  t he   n i c k e l   h y d r o x i d e   and  c o b a l t   c o m -  

p o u n d   and  h e n c e ,   in   v i e w   of  t he   h i g h   c o s t   of  c o b a l t ,   i n  

p r a c t i c e   t he   u p p e r   l i m i t   of  t he   c o b a l t   a d d i t i o n   w i l l   be  3  

or  l e s s   of  t he   t o t a l   w e i g h t   of  t he   c o b a l t   c o m p o u n d   a n d  



n i c k e l   h y d r o x i d e .   The  r e s u l t a n t   e l e c t r o d e   i s   f o u n d   to  h a v e  

an  i m p r o v e d   g r a v i m e t r i c   e n e r g y   d e n s i t y   as  h i g h   as  0 . 2 A h / g ,  

an  e x c e l l e n t   h i g h   r a t e   p e r f o r m a n c e ,   e f f i c i e n c y   and   c y c l e  

l i f e ,   and  to  r e a c h   i t s   f u l l   c a p a c i t y   a f t e r   a  s m a l l   n u m b e r  

of   d i s c h a r g i n g   and  c h a r g i n g   c y c l e s .   The  p e r c e n t a g e  

u t i l i z a t i o n   of   t h e   n i c k e l   h y d r o x i d e   i s   f o u n d   to  be  a s  

h i g h   as  130%.  

A c c o r d i n g l y ,   t h e   i n v e n t i o n   r e s i d e s   i n   one  a s p e c t  

i n   a  n i c k e l   e l e c t r o d e   c o m p r i s i n g   a  c u r r e n t   c o l l e c t o r   a n d  

a c t i v e   m a t e r i a l   p r e s s e d   i n t o   p h y s i c a l   and   e l e c t r i c a l  

c o n t a c t   w i t h   t h e   c u r r e n t   c o l l e c t o r ,   t h e   a c t i v e   m a t e r i a l  

c o m p r i s i n g   n i c k e l   h y d r o x i d e ,   an  o r g a n i c   b i n d e r ,   a  c o n d u c t i v e  

d i l u e n t   arid  a  c o b a l t   c o m p o u n d ,   t h e   c o b a l t   c o m p o u n d   h a v i n g  

b e e n   p r e c i p i t a t e d   f r o m   a  c o b a l t - c o n t a i n i n g   s o l u t i o n   i n  

c o n t a c t   w i t h   t h e   a l r e a d y - f o r m e d   n i c k e l   h y d r o x i d e .  

I t   i s   to  be  a p p r e c i a t e d   t h a t   t h e   p r e c i p i t a t i o n   of   t h e  

c o b a l t   c o m p o u n d   can   be  e f f e c t e d   b e f o r e   or   a f t e r   t he   n i c k e l  

h y d r o x i d e   i s   m i x e d   w i t h   t h e   o t h e r   c o n s t i t u e n t s   of  t h e   a c t i v e  

m a t e r i a l .   In   t h e   l a t t e r   c a s e ,   t h e   p r e c i p i t a t i o n   of   t h e  

c o b a l t   c o m p o u n d   can   be  e f f e c t e d   b e f o r e   or  a f t e r   t h e  

a c t i v e   m a t e r i a l   i s   p r e s s e d   i n t o   c o n t a c t   w i t h   t h e   c u r r e n t  

c o l l e c t o r .   The  c o b a l t   c o m p o u n d   may  be  c o b a l t   h y d r o x i d e  

p r e c i p i t a t e d   by  t h e   a d d i t i o n   of  an  a l k a l i   m e t a l   h y d r o x i d e  

to  t h e   c o b a l t - c o n t a i n i n g   s o l u t i o n ,   or   may  be  a  b a s i c   c o b a l t  

c a r b o n a t e   p r e c i p i t a t e d   by  a d d i t i o n   of   an  a l k a l i   m e t a l  

c a r b o n a t e   to  t h e   s o l u t i o n ,  

P r e f e r a b l y ,   t h e   w e i g h t   of   t h e   c o b a l t   c o m p o u n d   p r e s e n t  

i n   t h e   a c t i v e   m a t e r i a l   i s   l e s s   t h a n   o r   e q u a l   to  3%  of  t h e  

t o t a l   w e i g h t   o f   t h e   n i c k e l   h y d r o x i d e   and   t h e   c o b a l t   c o m p o u n d .  

P r e f e r a b l y ,   t h e   w e i g h t   of   t h e   c o b a l t   c o m p o u n d   p r e s e n t   i s  

b e t w e e n   1  and   2%  of  t h e   t o t a l   w e i g h t   of   n i c k e l   h y d r o x i d e  

and   t h e   c o b a l t   c o m p o u n d .  

C o n v e n i e n t l y ,   t h e   o r g a n i c   b i n d e r   i s   p o l y t e t r a f l u o r o -  



e t h y l e n e .   The  p r e f e r r e d   a m o u n t   of  p o l y t e t r a f l u o r o e t h y l e n e  

i s   1  wt%  of  t he   a c t i v e   m a t e r i a l   s i n c e   i n c r e a s i n g   t h e  

p o l y t e t r a f l u o r o e t h y l e n e   c o n t e n t   a b o v e   1%  to  5%  by  w e i g h t  

r e s u l t s   in   no  s i g n i f i c a n t   d i f f e r e n c e   in   the   e l e c t r o c h e m i c a l  

p e r f o r m a n c e   of  t he   e l e c t r o d e ,   b u t   i n c r e a s e s   t he   c o s t   o f  

the   e l e c t r o d e   and  r e d u c e s   t he   a m o u n t   of  n i c k e l   hydroxide present 

f o r   a  g i v e n   w e i g h t   of  a c t i v e   m a t e r i a l .   In   a d d i t i o n ,  

a l t h o u g h   s a t i s f a c t o r y   e l e c t r o d e s   can  be  p r o d u c e d   w i t h   a  

p o l y t e t r a f l u o r o e t h y l e n e   c o n t e n t   b e l o w   1%  by  w e i g h t   of  t h e  

a c t i v e   m a t e r i a l ,   t h e r e   i s   a  g r a d u a l   d e c r e a s e   in   t h e  

m e c h a n i c a l   s t r e n g t h   of  the   e l e c t r o d e   as  t he   p o l y t e t r f l u o r o -  

e t h y l e n e   c o n t e n t   i s   r e d u c e d   u n t i l   at   v a l u e s   b e l o w   0 . 4 %  

by  w e i g h t  t h e   e l e c t r o d e   b e c o m e s   too  weak  f o r   h a n d l i n g  
in  p r o d u c t i o n .  

C o n v e n i e n t l y ,   t he   c o n d u c t i v e   d i l u e n t   i s   g r a p h i t e   a n d  

p r e f e r a b l y   the   g r a p h i t e   c o m p r i s e s   24  wt%  of  t he   a c t i v e  

m a t e r i a l .  

P r e f e r a b l y ,   t he   a c t i v e   m a t e r i a l   c o n s i s t s   of  75  wt% 

of  a  c o m b i n a t i o n   of  n i c k e l   h y d r o x i d e   and  the   c o b a l t   c o m p o u n d ,  

24  wt%  of  g r a p h i t e ,   and  1  wt%  of  p o l y t e t r a f l u o r o e t h y l e n e .  

Most   p r e f e r a b l y ,   t he   c o m b i n a t i o n   of  n i c k e l   h y d r o x i d e  

and  the   c o b a l t   c o m p o u n d   c o n t a i n s   58  wt%  of  n i c k e l   a n d  

1  wt%  of  c o b a l t .  

In  a  f u r t h e r   a s p e c t ,   the   i n v e n t i o n   r e s i d e s   in   a  m e t h o d  

of  p r o d u c i n g   a  n i c k e l   e l e c t r o d e   c o m p r i s i n g   the   s t e p s   o f : -  

(a)   c o n t a c t i n g   n i c k e l   h y d r o x i d e   p o w d e r   w i t h   a  s o l u t i o n  

c o n t a i n i n g   c o b a l t   i o n s   and  p r e c i p i t a t i n g   a  c o b a l t  

c o m p o u n d   from  s a i d   s o l u t i o n   o n t o   the   n i c k e l   h y d r o x i d e  

p o w d e r ,  

(b)  b e f o r e   or  a f t e r   s t e p   ( a ) ,   m i x i n g   the   n i c k e l  

h y d r o x i d e   p o w d e r   w i t h   a  p o w d e r e d   c o n d u c t i v e   d i l u e n t  

and  a  p o w d e r e d   b i n d e r   and  p r e s s i  ng  the   r e s u l t a n t  

m i x t u r e   i n t o   p h y s i c a l   and  e l e c t r i c a l   c o n t a c t   w i t h   a  



c u r r e n t   c o l l e c t o r .  

In   t h e   a c c o m p a n y i n g   d r a w i n g s ,  

F i g u r e   1  i s   a  g r a p h   in   w h i c h   p e r c e n t a g e   u t i l i s a t i o n  

i s   p l o t t e d   a g a i n s t   t h e   n u m b e r   of  c h a r g i n g   and  d i s c h a r g i n g  

c y c l e s   f o r   t h r e e   p r e s s e d   n i c k e l   e l e c t r o d e s   h a v i n g  

v a r y i n g   c o b a l t   and  n i c k e l   c o n c e n t r a t i o n s   o b t a i n e d   b y  

a  m e t h o d   a c c o r d i n g   to  one  e x a m p l e   of  the   i n v e n t i o n  

( i n d i c a t e d   by  the   c u r v e s   A,  B  a n d   C  r e s p e c t i v e l y   o n  

t he   g r a p h )   and   f o r   two  c o n v e n t i o n a l   p r e s s e d   n i c k e l  

e l e c t r o d e s   ( i n d i c a t e d   by  the  c u r v e s   D  and  E ) a n d  

F i g u r e  2   i s   a  g r a p h   in   w h i c h   p e r c e n t a g e   e f f i c i e n c y  

i s   p l o t t e d   a g a i n s t   p e r c e n t a g e   d e p t h   of  d i s c h a r g e   f o r   t w o  

f u r t h e r   p r e s s e d   n i c k e l   e l e c t r o d e s   o b t a i n e d   in   a c c o r d a n c e  

w i t h   s a i d   one  e x a m p l e   of  t he   i n v e n t i o n   ( i n d i c a t e d   by  t h e  

c u r v e s   F  and  G)  and  f o r   two  f u r t h e r   c o n v e n t i o n a l   p r e s s e d  

n i c k e l   e l e c t r o d e s   ( i n d i c a t e d   by  the   c u r v e s   H  and  I ) .  

In  t he   m e t h o d   a c c o r d i n g   to  s a i d   one  e x a m p l e   of  t h e  

i n v e n t i o n ,   n i c k e l   h y d r o x i d e   p o w d e r   was  f i r s t   p r o d u c e d   b y  

a d d i n g   a  0 .92M  a q u e o u s   n i c k e l   s u l p h a t e   s o l u t i o n   to  a  
11.6M  a q u e o u s   p o t a s s i u m   h y d r o x i d e   s o l u t i o n ,   w i t h   t h e  

l a t t e r   b e i n g   r a p i d l y   s t i r r e d .   The  a d d i t i o n   was  e f f e c t e d  

a t   room  t e m p e r a t u r e   a n d ,   as  tie  n i c k e l   s u l p h a t e   w a s  

i n t r o d u c e d   i n t o   t h e   p o t a s s i u m   h y d r o x i d e , ' a   h i g h l y   a m o r p h o u s  

p r e c i p i t a t e   of  a  n i c k e l   h y d r o x i d e   was  p r o d u c e d .   T h e  

p r o c i p i t a t e   was  f i l t e r e d   in   a  f i l t e r   p r e s s   to  r e m o v e  

e x c e s s   l i q u i d   and  was  t h e n   d r i e d   in   an  a i r   oven   a t  
1 0 0 - 1 1 0 o C   f o r   t w e n t y - f o u r   h o u r s .   The  d r i e d   m a t e r i a l  

was  t h e n   g r o u n d   so  as  to  p a s s   t h r o u g h   a  200  mesh  s c r e e n  

and   was  s u b s e q u e n t l y   w a s h e d   w i t h   h o t   d i s t i l l e d   w a t e r   t o  

r e m o v e   the   i m p u r i t i e s ,   p a r t i c u l a r l y   s u l p h a t e   i o n s ,   b e f o r e  

b e i n g   d r i e d   a g a i n   a t   1 0 0 - 1 1 0 o C .   The  f i n a l   m a t e r i a l   w a s  

a  h y d r a t e d   fo rm  of  n i c k e l   h y d r o x i d e   h a v i n g   a  c r y s t a l l i n e  

s i z e   of  l e s s   t h a n   30Å  as  m e a s u r e d   a l o n g   the   c - a x i s ,   a n d  

w h i c h   c o n t a i n e d   l e s s   t h a n   1%  by  w e i g h t   of  s u l p h a t e   i m p u r i t y  



T h r e e   s a m p l e s   of  the   n i c k e l   h y d r o x i d e   were   t h e n  

a l l o w e d   to  s o a k   in   e x c e s s   of  v a r y i n g   c o n c e n t r a t i o n s   o f  

a q u e o u s   c o b a l t   s u l p h a t e   s o l u t i o n   f o r   a t   l e a s t   f o u r   h o u r s ,  

w i t h   t he   s l u r r y   b e i n g   c o n t i n u o u s l y   s t i r r e d .   The  e x c e s s  

c o b a l t   s u l p h a t e   was  t h e n   f i l t e r e d   o f f   and  the   damp  m a t e r i a l  

w e t t e d   w i t h   a  1M  a q u e o u s   s o d i u m   c a r b o n a t e   s o l u t i o n   t o  

p r e c i p i t a t e   t he   c o b a l t   c o n t a i n i n g   c o m p o u n d   on  the   n i c k e l  

h y d r o x i d e .   The  r e s u l t a n t   m a t e r i a l   was  t h e n   w a s h e d   w i t h  

h o t   d i s t i l l e d   w a t e r   and  d r i e d   at   1 0 0 - 1 1 0  C .   The  a n a l y s i s   f o r  

the   t h r e e   d i f f e r e n t   s a m p l e s   (A-C  in  F i g u r e   1)  i s   g i v e n   i n  

T a b l e   1  in   w h i c h   the   p e r c e n t a g e   of  n i c k e l   and  c o b a l t   a r e  

t h e   a m o u n t s   of  e a c h   m e t a l   p r e s e n t   b a s e d   on  the   t o t a l   w e i g h t  
of  t he   n i c k e l   h y d r o x i d e   and  c o b a l t   h y d r o x i d e   s a m p l e .  

Each   s a m p l e   was  t h e n   g r o u n d   to  p a s s   t h r o u g h   a  2 0 0  

mesh  s c r e e n   and  75  p a r t s   by  w e i g h t   of  t he   g r o u n d   m i x t u r e  

were   t h e n   d ry   b l e n d e d   w i t h   24  p a r t s   by  w e i g h t   of  g r a p h i t e  

f l a k e   u n t i l   a  u n i f o r m   g r e y   mix  was  o b t a i n e d .   The  g r a p h i t e  
f l a k e   c o n v e n i e n t l y   had  a  2 .5   m i c r o n   p a r t i c l e   s i z e   and  w a s  

s u p p l i e d   by  R o c o l   L t d .   D i s t i l l e d   w a t e r   was  t h e n   a d d e d  

to  e a c h   g r e y   mix  to  fo rm  a  s m o o t h   p a s t e ,   w h e r e a f t e r  



1  p a r t   by  w e i g h t   of  p o l y t e t r a f l u o r o e t h y l e n e   as  an  a q u e o u s  

d i s p e r s i o n   (60%  s o l i d s )   was  a d d e d   to  t he   p a s t e   to  g i v e   a  

s l u r r y .   E a c h   s l u r r y   was  t h e n   d r i e d   at   a b o u t   1000C  t o  

p r o d u c e   a  d r y   cake   to  w h i c h   a  p r o p y l e n e   g l y c o l   l u b r i c a n t  

was  a d d e d   to  a l l o w   the   s l u r r y   to be  k n e a d e d   i n t o   a  d o u g h -  

l i k e   m i x t u r e   of  g r a p h i t e   and  the   n i c k e l / c o b a l t   m a t e r i a l  

b o u n d   t o g e t h e r   by  f i b r e s   of   p o l y t e t r a f l u o r o e t h y l e n e .  

The  r e s u l t a n t   d o u g h   was  t h e n   r o l l e d   to  g i v e   an  e l e c t r o d e  

s t r i p   of  t he   r e q u i r e d   t h i c k n e s s ,   w h e r e a f t e r   e a c h   s t r i p  

was  d r i e d   in  an  o v e n   to  r e m o v e   t he   p r o p y l e n e   g l y c o l   and  c u t  

to  t he   r e q u i r e d   s i z e .   Two  p i e c e s   of  e a c h   c u t   s t r i p ,  

e a c h   m e a s u r i n g   4 .4   cm.  s q u a r e   were   t h e n   p r e s s e d   a t  5   t . s . i . ,  
o n t o   o p p o s i t e   s i d e s   r e s p e c t i v e l y   of  a  woven  n i c k e l   m e s h  

c u r r e n t   c o l l e c t o r   to  p r o v i d e   a  r e s p e c t i v e   p r e s s e d   n i c k e l  

e l e c t r o d e   h a v i n g   an  e l e c t r i c a l   c o n d u c t i v i t y   of  0 . 5   ohm 

cm,  w i t h   t h e o r e t i c a l   c a p a c i t y   ( c a l c u l a t e d   by  a s s u m i n g  

a  1  e l e c t r o n   c h a n g e   in   t h e   o v e r a l l   e l e c t r o c h e m i c a l   r e a c t i o n  

o c c u r r i n g   in   t he   n i c k e l   e l e c t r o d e )   as  shown  in  T a b l e   1 .  



Each   of  the   r e s u l t a n t   e l e c t r o d e s   was  t h e n   w r a p p e d  

in  a  s i n g l e   l a y e r   of  0 . 0 1 3 c m   t h i c k   p o l y a m i d e   f e l t   b e f o r e  

b e i n g   a s s e m b l e d   b e t w e e n   two  s i n t e r e d - t y p e   c a d m i u m  

e l e c t r o d e s .   The  r e s u l t a n t   c e l l s   were   t h e n   c h a r g e d   a t   t h e  

3  h o u r   r a t e   f o r   4 . 5   h o u r s   in   an  a q u e o u s   e l e c t r o l y t e  

c o n t a i n i n g   30  wt7]  of  p o t a s s i u m   h y d r o x i d e   and  5  g m / l i t r e  

of  l i t h i u m   h y d r o x i d e ,   t he   n i c k e l   e l e c t r o d e   p o t e n t i a l   b e i n g  

m o n i t o r e d   w i t h   a  Hg/HgO  r e f e r e n c e   e l e c t r o d e   i m m e r s e d  

in  the   e l e c t r o l y t e .   A f t e r   c h a r g i n g ,   e a c h   c e l l   w a s  

d i s c h a r g e d   at   the   5  h o u r   r a t e   to  a  c u t - o f f   v o l t a g e   o f  

z e r o   v o l t s   w i t h   r e s p e c t   to  the   r e f e r e n c e   e l e c t r o d e .  

T h i s   c h a r g i n g   and  d i s c h a r g i n g   c y c l e   was  r e p e a t e d   and  t h e  

p e r c e n t a g e   u t i l i s a t i o n   of  t he   a c t i v e   m a t e r i a l   of  e a c h  

e l e c t r o d e   was  m o n i t o r e d   o v e r   25  c y c l e s .   The  r e s u l t s   o f  

t h e s e   t e s t s   a r e   shown  in   c u r v e s   A,  B  and  C  in   F i g u r e   1 .  

The  t e s t s   were   t h e n   r e p e a t e d   u n d e r   i d e n t i c a l   c o n d i t i o n s  

w i t h   two  s i m i l a r   p r e s s e d   n i c k e l   e l e c t r o d e s ,   in   w h i c h   t h e  

a c t i v e   m a t e r i a l   c o m p r i s e d   c o - p r e c i p i t a t e d   n i c k e l   and  c o b a l t  

h y d r o x i d e s .   The  p e r c e n t a g e   of  n i c k e l   and  c o b a l t   m e t a l  

b a s e d   on  t he   t o t a l   w e i g h t   of  n i c k e l   h y d r o x i d e   and  c o b a l t  

h y d r o x i d e   in  e a c h   of  t he   c o m p a r i s o n   e l e c t r o d e s   a r e   g i v e n  

in  T a b l e   2,  w h i c h   a l s o   i n d i c a t e s   t he   t h e o r e t i c a l   c a p a c i t i e s  

of  t he   c o m p a r i s o n   e l e c t r o d e s .  



The  r e s u l t s   of   t h e s e   c o m p a r a t i v e   t e s t s   a r e   shown  i n  

c u r v e s   D  and  E ( F i g u r e 1 ) .   From  c u r v e s   A  to  C,  i t   w i l l   b e  

s e e n   t h a t   t he   e l e c t r o d e s   p r o d u c e d   in   a c c o r d a n c e   w i t h   s a i d  

one  e x a m p l e   of  t h e   i n v e n t i o n   e x h i b i t e d   h i g h e r   t h e o r e t i c a l  

c a p a c i t i e s ,   and   r e a c h e d   t h e i r   maximum  c a p a c i t i e s   m o r e  

r a p i d l y ,   t h a n   t he   c o n v e n t i o n a l   p r e s s e d   n i c k e l   e l e c t r o d e s .  

The  e l e c t r o d e s   p r o d u c e d   in   a c c o r d a n c e   w i t h   t he   i n v e n t i o n  

a l s o   e x h i b i t e d   e x c e l l e n t   c y c l e   l i f e   (up  to  1000  c y c l e s   a t  

80%  d e p t h   of   d i s c h a r g e   w i t h   o n l y   10-15%  f a l l  o f f   i n  

c a p a c i t y )   and  i m p r o v e d   e f f i c i e n c y   as  c o m p a r e d   w i t h  

c o n v e n t i o n a l   p r e s s e d   n i c k e l   e l e c t r o d e s .  

To  d e m o n s t r a t e   t h e   i m p r o v e m e n t   in   e f f i c i e n c y ,   t h e  

m e t h o d   of  s a i d   one  e x a m p l e   was  r e p e a t e d   to  p r o d u c e   t w o  

f u r t h e r   p r e s s e d   n i c k e l   e l e c t r o d e s   h a v i n g   t h e   n i c k e l   a n d  

c o b a l t   c o n t e n t s   g i v e n   in   T a b l e   3  b e l o w .   The  r e s u l t a n t  

e l e c t r o d e s   were   t h e n   made  up  i n t o   c e l l s   in   t he   same  w a y  

as  d e s c r i b e d   a b o v e ,   w h e r e a f t e r   t he   c e l l s   were   c h a r g e d   a t   t h e  

2  h o u r   r a t e   to  a  p r e d e t e r m i n e d   v a l u e   and  s u b s e q u e n t l y  

d i s c h a r g e d   a t   the   same  r a t e   to  z e r o   v o l t s ,   w i t h   t he   n i c k e l  

e l e c t r o d e   p o t e n t i a l   b e i n g   m e a s u r e d   a g a i n s t   a  H g / H g O  

r e f e r e n c e   e l e c t r o d e .   The  r e s u l t s   of  t h e s e   t e s t s   a r e   s h o w n  

in   c u r v e s   F  and   G  i n   F i g u r e   2,  w h e r e a s   t he   r e s u l t   of  t e s t s  

p e r f o r m e d   on  two  c o n v e n t i o n a l   e l e c t r o d e s   ( w h o s e  n i c k e l   a n d  

c o b a l t   c o n t e n t s   a r e   a l s o   g i v e n   i n   T a b l e   3)  a r e   i n d i c a t e d  

by  t h e   c u r v e s   H  and  I .   As  b e f o r e ,   t he   n i c k e l   and  c o b a l t  

c o n t e n t s   of  T a b l e   3  a r e   t he   w e i g h t   p e r c e n t a g e s   of  e a c h   m e t a l  

b a s e d   on  t h e   t o t a l   w e i g h t   of  n i c k e l   h y d r o x i d e   and  c o b a l t  

h y d r o x i d e   in  t he   a s s o c i a t e d   e l e c t r o d e .  



From  a  c o m p a r i s o n   of  t he   c u r v e s   F  and  G  w i t h   t h e  

c u r v e s   H  and  I  in   F i g u r e   2,  i t   w i l l   be  s e e n   t h a t   t h e  
e l e c t r o d e s   p r o d u c e d   a c c o r d i n g   to  s a i d   one  e x a m p l e   o f  
the   i n v e n t i o n   e x h i b i t e d   i m p r o v e d   e f f i c i e n c y   a t   e q u i v a l e n t  
c o b a l t   l e v e l s .  

I t   w i l l   be  n o t e d   t h a t   in  t he   e l e c t r o d e s   p r o d u c e d  

in   a c c o r d a n c e   w i t h   s a i d   one  e x a m p l e   of  t he   i n v e n t i o n ,  

t h e   l o w e s t   c o b a l t   c o n c e n t r a t i o n   was  in  s a m p l e   C  w h i c h  

c o n t a i n e d   0 .28%  by  w e i g h t   of  c o b a l t   m e t a l   b a s e d   on  t h e  

t o t a l   w e i g h t   of  n i c k e l   h y d r o x i d e   and  c o b a l t   h y d r o x i d e .  

F u r t h e r   e x p e r i m e n t a t i o n   h a s ,   h o w e v e r ,   shown  t h a t   t h e  

i m p r o v e m e n t   in  e l e c t r o c h e m i c a l   p e r f o r m a n c e   o v e r  

e l e c t r o d e s   p r o d u c e d   by  t he   c o - p r e c i p i t a t i o n   r o u t e   i s  

m a i n t a i n e d   when  the   m e t h o d   of  s a i d   one  e x a m p l e   i s   r e p e a t e d  

w i t h   l o w e r   c o b a l t   c o n c e n t r a t i o n s   t h a n   0 . 2 8 % .   H o w e v e r ,  

at   s u c h   low  l e v e l s   of  c o b a l t ,   t he   a d v a n t a g e s   g a i n e d   by  t h e  

p r e s e n c e   of  c o b a l t   p r o g r e s s i v e l y   r e d u c e   so  t h a t ,   b e l o w  

0.1%  by  w e i g h t ,   l i t t l e   d i f f e r e n c e   c o u l d   be  o b s e r v e d   b e t w e e n  

e l e c t r o d e s   w i t h   and  w i t h o u t   c o b a l t   p r e s e n t .  

The  m e t h o d   of  s a i d   one  e x a m p l e   was  a l s o   r e p e a t e d   w i t h  

v a r y i n g   p e r c e n t a g e s   of  g r a p h i t e   p r e s e n t   i n  the   a c t i v e  

m a t e r i a l   a n d ,   w h e r e a s   s a m p l e s   A  and  B  c o n t a i n i n g   24% 

g r a p h i t e   gave   a  p e r c e n t a g e   u t i l i s a t i o n   r i s i n g   to  128%,  

e l e c t r o d e s   in   w h i c h   the   a c t i v e   m a t e r i a l   c o n t a i n e d   19% 

and  14%  by  w e i g h t   of  g r a p h i t e   gave   maximum  p e r c e n t a g e  

u t i l i s a t i o n s   of  118%  and  100%  r e s p e c t i v e l y .   I t   w i l l ,  

h o w e v e r ,   be  u n d e r s t o o d   t h a t   s u c h   e l e c t r o d e s ,   and  i n  

p a r t i c u l a r   t h a t   c o n t a i n i n g   19%  by  w e i g h t   of  g r a p h i t e ,  

s t i l l   c o n s t i t u t e   s a t i s f a c t o r y   e l e c t r o d e s .   I n c r e a s i n g  

the   g r a p h i t e   c o n t e n t   above   24%  by  w e i g h t   of  t he   a c t i v e  

m a t e r i a l   was  f o u n d   to  l e a d   to  no  s i g n i f i c a n t   i m p r o v e m e n t  

in  the   e l e c t r o c h e m i c a l   p r o p e r t i e s   of  the   e l e c t r o d e .  

The  p r e f e r r e d   amoun t   of  g r a p h i t e   is   t h e r e f o r e   24% 

by  w e i g h t   of  t he   t o t a l   w e i g h t   of  a c t i v e   m a t e r i a l .  



In  e a c h   of   the   e l e c t r o d e s   p r o d u c e d   a c c o r d i n g   t o  

s a i d   one  e x a m p l e   of  t he   i n v e n t i o n ,   t he   p a r t i c l e   s i z e  

of  t he   g r a p h i t e   e m p l o y e d   has   b e e n   2 .5   m i c r o n s   a n d ,  

a l t h o u g h   s a t i s f a c t o r y   e l e c t r o d e s   can  be  p r o d u c e d   o v e r   a  

wide   r a n g e   of  g r a p h i t e   p a r t i c l e   s i z e s ,   the   2 .5   m i c r o n  

s i z e   i s   p r e f e r r e d .   T h u s ,   f o r   e x a m p l e ,   i f   t he   g r a p h i t e  

p a r t i c l e   s i z e   i s   i n c r e a s e d   to  15  m i c r o n s ,   i t   i s   f o u n d  

t h a t   a  l e s s   h o m o g e n e o u s   m i x e d   p a s t e   i s   p r o d u c e d   and  t h e  

e l e c t r i c a l   c o n d u c t i v i t y   of  t he   d r i e d   e l e c t r o d e   s t r i p  

a f t e r   p r e s s i n g   i s   i n c r e a s e d   to  a b o u t   2  ohm  cm.  I f ,   o n  
the   o t h e r   h a n d ,   t h e   g r a p h i t e   p a r t i c l e   s i z e   i s   r e d u c e d   t o  

1  to  1 .5  m i c r o n s ,   i t   i s   f o u n d   the   r e s u l t a n t   e l e c t r o d e  

is   more  p r o n e   to  o x i d a t i o n .  



1.  A  n i c k e l   e l e c t r o d e   c o m p r i s i n g   a  c u r r e n t   c o l l e c t o r   a n d  

a c t i v e   m a t e r i a l   p r e s s e d   i n t o   p h y s i c a l   and  e l e c t r i c a l  

c o n t a c t   w i t h   the   c u r r e n t   c o l l e c t o r ,   t he   a c t i v e   m a t e r i a l  

c o m p r i s i n g   n i c k e l   h y d r o x i d e ,   an  o r g a n i c   b i n d e r ,   a  c o n d u c t i v e  

d i l u e n t   and  a  c o b a l t   c o m p o u n d ,   the   c o b a l t   c o m p o u n d   h a v i n g  

b e e n   p r e c i p i t a t e d   f rom  a  c o b a l t - c o n t a i n i n g   s o l u t i o n   i n  

c o n t a c t   w i t h   the   a l r e a d y - f o r m e d   n i c k e l   h y d r o x i d e .  

2.  An  e l e c t r o d e   as  c l a i m e d   in  C l a i m   1,  w h e r e i n   the   w e i g h t  

of  the   c o b a l t   c o m p o u n d   p r e s e n t   in  the   a c t i v e   m a t e r i a l   i s  

s u c h   as  to  p r o v i d e   l e s s   t h a n   or  e q u a l   to  3%  by  w e i g h t   o f  

e l e m e n t a l   c o b a l t   b a s e d   on  the   t o t a l   w e i g h t   of  t h e  

n i c k e l   h y d r o x i d e   and  the   c o b a l t   c o m p o u n d .  

3.  An  e l e c t r o d e   as  c l a i m e d   in  C l a i m   1  or  C l a i m   2,  w h e r e i n  

the   w e i g h t   of  the   c o b a l t   c o m p o u n d   p r e s e n t   in  the   a c t i v e  

m a t e r i a l   i s   s u c h   as  to  p r o v i d e   b e t w e e n   1  and  2%  by  w e i g h t  

of  e l e m e n t a l   c o b a l t   b a s e d   on  the   t o t a l   w e i g h t   of  t h e  

n i c k e l   h y d r o x i d e   and  the   c o b a l t   c o m p o u n d .  

4.  An  e l e c t r o d e   as  c l a i m e d   in   a n y  o n e   of  C l a i m s   1  to  3 ,  
w h e r e i n   the   o r g a n i c   b i n d e r   is   p o l y t e t r a f l u o r o e t h y l e n e .  

5.  An  e l e c t r o d e   as  c l a i m e d   in  C l a i m   4,  w h e r e i n   t h e  

p o l y t e t r a f l u o r o e t h y l e n e   c o m p r i s e s   1  wt%  of  the   a c t i v e  

m a t e r i a l .  

6.  An  e l e c t r o d e   as  c l a i m e d   in   any  p r e c e d i n g   C l a i m ,   w h e r e i n  

the   c o n d u c t i v e   d i l u e n t   is   g r a p h i t e .  



7.  An  e l e c t r o d e   as  c l a i m e d   in   C l a i m   6,  w h e r e i n   t h e  

g r a p h i t e   c o m p r i s e s   24  wt%  of  t he   a c t i v e   m a t e r i a l .  

8.  An  e l e c t r o d e   as  c l a i m e d   in   any  p r e c e d i n g   C l a i m ,  

w h e r e i n   t he   a c t i v e   m a t e r i a l   c o n s i s t s   of  75  wt%  of  a  

c o m b i n a t i o n   of  n i c k e l   h y d r o x i d e   and  t he   c o b a l t   c o m p o u n d ,  

24  wt%  of  g r a p h i t e ,   and  1  wt%  of  p o l y t e t r a f l u o r o e t h y l e n e .  

9.  An  e l e c t r o d e   as  c l a i m e d   in   C l a i m   8,  w h e r e i n   t h e  

c o m b i n a t i o n   of  n i c k e l   h y d r o x i d e   and  t h e   c o b a l t   c o m p o u n d  

c o n t a i n s   58  wt%  of  n i c k e l   and  1  wt%  of  c o b a l t .  

10.  A  s e c o n d a r y   e l e c t r o c h e m i c a l   c e l l   e m p l o y i n g   a  

n i c k e l   e l e c t r o d e   as  c l a i m e d   in   any  p r e c e d i n g   C l a i m .  

11.  A  m e t h o d   of  p r o d u c i n g   a  n i c k e l   e l e c t r o d e   c o m p r i s i n g  

t he   s t e p s   o f : -  

( a )   c o n t a c t i n g   n i c k e l   h y d r o x i d e   p o w d e r   w i t h   a  s o l u t i o n  

c o n t a i n i n g   c o b a l t   i o n s   and  p r e c i p i t a t i n g   a  c o b a l t  

c o m p o u n d   f rom  s a i d   s o l u t i o n   o n t o   t he   n i c k e l   h y d r o x i d e  

p o w d e r ,  

(b)   b e f o r e   or   a f t e r   s t e p   ( a ) ,   m i x i n g   the   n i c k e l  

h y d r o x i d e   p o w d e r   w i t h   a  p o w d e r e d   c o n d u c t i v e   d i l u e n t  

and  a  p o w d e r e d   b i n d e r   and  p r e s s i n g   the   r e s u l t a n t  

m i x t u r e   i n t o   p h y s i c a l   and  e l e c t r i c a l   c o n t a c t   w i t h  

a  c u r r e n t   c o l l e c t o r .  

12.  A  m e t h o d   as  c l a i m e d   in   C l a i m   1.1  w h e r e i n   t he   c o b a l t  

c o m p o u n d   i s   p r e c i p i t a t e d   f rom  s a i d   s o l u t i o n   by  a d d i n g  

t h e r e t o   i o n s   s e l e c t e d   f rom  h y d r o x y l   i o n s   and  c a r b o n a t e   i o n s .  
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